Abbreviations
=============

CDK

:   cyclin-dependent kinase

WT

:   wild type

KO

:   knock-out

DKO

:   double knock-out

Stm

:   stathmin

BrdU

:   5-bromo-2-deoxyuridine

JAK-STAT

:   janus kinase/signal transducers and activators of transcription

MAPK

:   mitogen-activated protein kinase

Introduction {#s0001}
============

The coordinated transmission of information from the outside to the inside of the cell, i.e. the signal transduction, represents a very delicate process for any living entity. For a balance to be achieved, the components of the signaling networks have to be precisely integrated in time and space.[@cit0001] Cell division is a typical example in which external signals from the local microenvironment are integrated with those present inside the cell before the final commitment to enter the cell cycle and divide is taken. The necessity of a tight regulation of this process is demonstrated by the fact that uncontrolled proliferation represents one and the most obvious hallmark of cancer.[@cit0003] External stimuli (e.g. growth factor stimulation, cell adhesion, etc) are required to pass through the restriction point and the activated intracellular signal transduction pathways directly impinge on the cell cycle machinery, modulating the expression and/or the subcellular localization of 2 key regulators of the G1 to S phase transition, p27^kip1^ and cyclin D1.[@cit0004]

The tumor suppressor protein p27^kip1^ (hereafter p27) was originally identified as a cyclin/CDK inhibitor, in particular of the CDK2-containing complexes (for a review see refs. 6, 7). Subsequent studies demonstrated that it is also implicated in the regulation of several other biological activities, such as differentiation, apoptosis, motility and autophagy.[@cit0006]

Formal demonstration that p27 is a tumor suppressor gene and a fundamental negative regulator of cell cycle progression primarily arose from characterization of p27 knock-out mice.[@cit0008] Most prominent phenotypes of p27 null animals comprise increased body size (about 10-20% respect to the wild type littermates), pituitary adenoma formation, outgrowth of the retina basal layer and female infertility.[@cit0008] All these traits have been originally ascribed to the higher CDK2 activity and increased cell proliferation rate displayed by tissues.[@cit0008] However, subsequent generation of p27/CDK2 double knock-out mice demonstrated that these animals retained all major phenotypes of p27 null animals, thus excluding that CDK2 represented the major target of p27 inhibition and suggesting that other pathways were implicated.[@cit0011]

We recently demonstrated that the microtubules-destabilizing protein stathmin is a cytoplasmic binding partner of p27 and that this interaction plays a role in the control of cell motility.^13-17^ No overt phenotype has been described to stathmin null mice,[@cit0018] except for behavioral defects linked to the control of learned and innate fear.[@cit0021] However, stathmin expression plays a pivotal role in cell cycle regulation and in cancer progression,[@cit0023] suggesting that it could influence both cell proliferation and migration, at least in some contexts.

To test this hypothesis, we used a genetic approach and analyzed whether stathmin is a relevant target of p27 in vivo.

Here, we report the generation and characterization of p27 and stathmin double knock-out mice. Surprisingly, stathmin deletion in p27 knock-out backgrounds reverts many of the proliferation-related phenotypes displayed by the p27 knock-out mouse. Our findings demonstrate that p27/stathmin interaction plays a pivotal role in the control of cell proliferation in vivo and suggest that this function might be particularly relevant in the process of tumor progression.

Results {#s0002}
=======

Stathmin knock-out reverts the gigantism of p27 null mice {#s0002a}
---------------------------------------------------------

Our previous work highlighted a novel function of p27 in the control of motility and invasion. This function relied on p27 interaction with stathmin, with consequent modulation of microtubule dynamics.[@cit0013] To get more insights into the physiological role of p27/stathmin interaction, we generated p27/stathmin double knock-out (hereafter DKO) mice, in the C57BL/6 background. The analysis of genomic DNA by PCR, of total RNA by qRT-PCR and of protein levels by Western Blot confirmed the absence of p27 and stathmin expression in all analyzed tissues of DKO mice (**Fig. S1A-D** and data not shown). Stathmin was expressed in all tested adult mouse organs, although at variable levels, with no significant difference between wild type (WT) and p27 knock-out mice (**Fig. S1B-D**).

The analyses of more than 600 animals of the combined genotypes demonstrated that DKO mice were born at a percentage lower than expected by a Mendelian ratio (**Fig. S2**). The reduction in the expected Mendelian ratio was confirmed by crossing mice of different genotype, although at variable extent (**Fig. S2**). In particular, by intercrossing p27 heterozygous with stathmin knock-out (StmKO) mice (p27^+/−^ Stm^−/−^ × p27^+/−^ Stm^−/−^), we obtained 13.36% DKO alive mice versus the expected 25%, suggesting that half of the DKO mice did not survive (**Fig. S2A**). Similar results were obtained when the crossing between p27^+/−^ Stm^+/−^ females with p27^−/−^ Stm^+/−^ males was examined (**Fig. S2B**), while the percentage of observed DKO mice was even lower by crossing double heterozygous mice (**Fig. S2C**). Accordingly, analysis of the genotypes of embryos taken at day 13.5 of gestation demonstrated approximately a 50% reduction in DKO embryos observed respect to expected, in both C57BL/6 and FVB backgrounds (**Fig. S2D**). However, DKO embryos that eventually survived did not show any evident morphological defect (**Fig. S2D**). Overall, these analyses demonstrated that a genetic interaction between p27 and stathmin exists at organism level and that half of DKO embryos die before day 13.5. Further investigation will be needed to better address this issue and clarify this phenotype.

Next, we analyzed the growth of mice of the different genotypes during the first 14 weeks. This is the period in which p27KO animals display the greatest differences respect to their wild type (WT) littermates.[@cit0008] The comparative analysis of p27KO (n = 87), DKO (n = 77), WT (n = 57) and StmKO (n = 140) mice showed that the increased body size, peculiar of p27 null animals, was almost completely reverted in DKO mice ([**Figs. 1A** and **B**](#f0001){ref-type="fig"}). This was particularly evident in males, where WT (n = 27) and DKO (n = 41) weighed similarly and significantly less than p27KO animals (n = 43). StmKO male mice (n = 65) did not significantly differ from WT and DKO animals in their growth ([**Fig. 1A**](#f0001){ref-type="fig"}, left panel and [**Fig. 1B**](#f0001){ref-type="fig"}), as reported also by others.[@cit0018] Among female animals more variability was observed. In this group, DKO (n = 36) mice showed an intermediate phenotype between WT (n = 30) and p27KO (n = 44), while StmKO (n = 75) weighed slightly less than WT and significantly less than DKO littermates ([**Fig. 1A**](#f0001){ref-type="fig"}, right panel). This evidence supports the possibility that p27 controls mice growth by different mechanisms including endocrine regulation, as already demonstrated for tumor development in p27 null animals.[@cit0024] In parallel, we performed accurate macroscopic observation of internal organs of mice sacrificed at specific times of their development. This analysis confirmed that p27 absence led to enlargement of all organs and, particularly, of lymphoid organs.[@cit0008] Also this phenotype was significantly reverted in DKO animals ([**Fig. 1C** and **D**](#f0001 f0002){ref-type="fig"}). To evaluate the possibility that the observed phenotypes could be strain-related, we moved the DKO C57BL/6 mice in different genetic backgrounds, by intercrossing WT FVB and WT 129S2/Sv with p27^+/−^ Stm^+/−^ C57BL/6 mice, until N6, to obtain near congenic FVB and 129S2/Sv colonies. The Strain GenCheck™ SNP Profiling on 5 different mice/strain confirmed the identity of each strain (**Fig. S3A**). Body weight analyses confirmed that, also in the FVB genetic background, DKO mice weighed similarly to the WT counterpart and significantly less than their p27KO littermates (**Fig. S3B** and **C**). Figure 1.Stathmin loss reverts the gigantism of p27 null mice. (**A**) Growth curves of C57BL/6 mice WT (27 males, 30 females), p27KO (43 males, 44 females), DKO (41 males, 36 females) and StmKO (65 males, 75 females), weighed every week, from 4 to 15 weeks of age (p27KO vs WT and DKO, p \< 0.01, at all time points considered). (**B** and **C**) Representative images of 15-weeks-old C57BL/6 mice and organs of the indicated genotypes.

The effects of p27 loss on mouse body size is known to be gene-dosage dependent.[@cit0008] Thus we evaluated the possibility that also stathmin exerted a gene-dosage effect, in vivo. The analyses of more than 1000 mice of the different genotypes showed that, in the context of p27 heterozygous mice, the loss of stathmin reverted the increased body weight of p27+/− mice in a gene-dosage dependent manner (**Fig. S4A--C**). On the contrary, in the context of p27 null background, the loss of one single allele of stathmin (i.e., p27^−/−^Stm^+/−^ mice) was not sufficient to reduce their increased body weight (**Fig. S4D**).

Stathmin knock-out reverts the organomegaly of p27 null mice {#s0002b}
------------------------------------------------------------

Since knock-out of p27 gene leads to particular enlargement of lymphoid organs,[@cit0008] we first focused our analyses on thymus and spleen. By calculating the ratio between organ/body weights of 15 weeks old mice, we observed a significant reduction in DKO mice when compared to p27KO animals ([**Fig. 2A**](#f0002){ref-type="fig"}). It has been demonstrated that the enlargement of p27KO lymphoid organs is due to higher cell number.[@cit0008] Accordingly, analyses of 10 weeks old males (n = 3/group) for weight and cell number in lymphoid organs indicated the presence of higher numbers of both splenocytes and thymocytes in p27KO respect to DKO and WT mice ([**Fig. 2B**](#f0002){ref-type="fig"}). The differences between p27KO and the other genotypes were particularly evident for thymocytes, which were highly and more significantly reduced in DKO animals ([**Fig. 2B**](#f0002){ref-type="fig"}). This observation prompted us to verify if the difference in organ weight directly correlated with the expression of stathmin in adult organs. To this aim, we looked at the weights of the 3 organs in which stathmin was most highly expressed, namely the brain, the thymus and the testis, and of a organ displaying lower stathmin expression, such as the spleen ([**Figs. 1** and **2C**](#f0001 f0002){ref-type="fig"}). Interestingly, the levels of stathmin inversely correlated with organ weights ([**Fig. 2D**](#f0002){ref-type="fig"}). Organs expressing high levels of stathmin displayed a more evident and significant weight reduction in DKO mice respect to p27KO ones and not statistically significant differences between DKO, WT and StmKO mice were detected ([**Fig. 2D**](#f0002){ref-type="fig"}). Conversely, spleens, which express very low levels of stathmin, displayed an intermediate weight in DKO mice respect to p27KO and both WT and StmKO mice. These data were further confirmed in p27 heterozygous and knock out mice, in which stathmin biallelic deletion significantly reduced the weight of all analyzed organs, except for spleens (**Fig. S5**). These findings reinforce the hypothesis that, when abundantly expressed, stathmin participated with p27 to the control of mouse and organ growth. Figure 2.Stathmin loss reverts the increased organ size of p27KO mice. (**A**) Graphs report the organ/body ratio of spleens (upper panel) and thymuses (lower panel) from WT, p27KO, DKO and StmKO 15-weeks-old C57BL/6 mice. Each dot corresponds to one mouse. (**B**) Graphs report the weight (upper panel) and number of cells/organ (lower panel) in spleens and thymuses from WT, p27KO, DKO and StmKO 10-weeks-old C57BL/6 mice. (**C**) Western Blot analysis of p27 and stathmin expression in thymus, spleen and brain lysates, obtained from 2 WT, 2 p27KO and one DKO C57BL/6 mice, as indicated. Vinculin was used as loading control. Asterisk indicates non-specific bands detected by anti-p27 antibody. (**D**) Graphs report the weights of thymus, spleen, testis and brain from mice of the indicated genotypes. Each dot corresponds to one mouse. In each graph, statistical significance is calculated by unpaired t-test and expressed by a p value ≤ 0.05 (ns, not significant).

Organomegaly in p27KO mice has been linked to increased proliferation rates.[@cit0008] Thus, we tested whether other 2 known phenotypes of p27KO mice linked to altered cell proliferation, the outgrowth of the retina basal layer and the development of pituitary adenomas, were also influenced by concomitant stathmin knock-out.

First, we analyzed retinas explanted from 5-8 weeks-old mice. As previously reported, we observed that all p27KO mice displayed outgrowth of the retina basal layer ([**Fig. 3A** and **B**](#f0003){ref-type="fig"}). In order to exclude possible artifacts due to samples fixing, processing and staining and to obtain a quantification of the outgrowth, we scored the cell groups (more than 10 cells) grown outside the retina basal layer, in n = 10 p27KO mice (20 retinas) ([**Fig. 3A**](#f0003){ref-type="fig"}, arrows). Using this criterion we observed that, on average, p27KO mice presented 2.3 lesions/retina ([**Fig. 3B**](#f0003){ref-type="fig"}). The same analysis was then performed in retinas from mice of the other genotypes. WT and StmKO retinas did not display any lesion and, more interestingly, DKO mice (n = 6 mice, n = 12 retinas) displayed only 0.5 lesions/retina. Immunofluorescence analyses confirmed that stathmin was well expressed in the retina of WT and p27KO mice and that it was clearly visible in the cells grown outside of the basal layer ([**Fig. 3C**](#f0003){ref-type="fig"}, arrows). Figure 3.Stathmin loss reverts the outgrowth of the retina basal layer of p27KO mice. (**A**) H&E staining of the retina in sections from 5-weeks-old WT, p27KO, DKO and StmKO C57BL/6 mice. Black arrows indicate groups of cells outgrowing from the retina basal layer. (**B**) Graphs report the quantification of retina outgrowth in mice of the indicated genotypes. Only groups of 10 or more cells were counted. The number of analyzed mice is reported in the graph. Statistical significance is calculated by unpaired t-test and expressed by a p value ≤ 0.05. (**C**) Confocal images of immunofluorescence analysis of stathmin (green) and nuclei (red) in retinal sections from WT, p27KO, DKO and StmKO C57BL/6 5-weeks-old mice. Bottom panels represent the merge of the 2 staining. Pictures show the endogenous expression of stathmin in murine retinas from WT and p27KO animals and its absence in tissue from DKO and StmKO mice, demonstrating the specificity of the immunostaining. Arrows indicate groups of stathmin positive cells outgrowing from the basal layer of the retina. A 40x objective was used.

Then, we analyzed the pituitary glands collected from 1-year-old mice. In accord with published data[@cit0025] we observed that 27% of one-year old C57BL/6 p27KO mice developed pituitary adenoma of the intermediate part ([**Fig. 4A**](#f0004){ref-type="fig"}). Immunofluorescence analyses showed that stathmin was expressed in adult pituitary gland of WT and p27KO mice ([**Fig. 4B**](#f0004){ref-type="fig"}) and that its expression increased in the hyperplastic intermediate part of the gland ([**Fig. 4B**](#f0004){ref-type="fig"}, see p27KO panels). Strikingly, we did not observe any adenoma in age-matched WT, stathmin KO and DKO mice, although an enlargement of the intermediate part of the pituitary glands was observed in the latter genotype ([**Fig. 4A** and **C**](#f0004){ref-type="fig"}). The analysis of 1-year-old p27KO mice heterozygous for stathmin (p27^−/−^ Stm^+/−^) showed a reduction in the animals that developed pituitary adenomas (18%), accompanied by an evident, although not significant, decrease in the mean pituitary gland volume respect to that of p27 null animals ([**Fig. 4C**](#f0004){ref-type="fig"}). Since C57BL/6 mouse strain is particularly resistant to develop pituitary adenomas,[@cit0025] we also examined pituitary glands extracted from 5-9 months-old p27KO (n = 16) and DKO (n = 9) mice of the 129S2/Sv background ([**Fig. 4D**](#f0004){ref-type="fig"}), which, conversely, is highly prone to develop pituitary adenomas.[@cit0008] As observed in the other genetic backgrounds ([**Fig. 1**](#f0001){ref-type="fig"}; **Fig. S3**), deletion of stathmin in p27 null background also reverted the increased body size phenotype ([**Fig. 4D**](#f0004){ref-type="fig"}). Moreover, analyses on the pituitary glands demonstrated that, while 94% of p27KO mice developed adenomas within 9 months of age (n = 15/16), only 55% of age-matched DKO animals developed the same pathology (n = 5/9) ([**Fig. 4E**](#f0004){ref-type="fig"}). However, in those 129S2/Sv DKO mice that did not develop an adenoma, we observed an enlargement of the intermediate part of the pituitary, as displayed by the C57BL/6 strain ([**Figs. 4A** and **C**](#f0004){ref-type="fig"}). Figure 4.Stathmin loss suppresses the development of pituitary adenomas of p27KO mice. (**A**) Representative images of pituitary glands from 1-year-old C57BL/6 mice (outlined in black) of the indicated genotypes, photographed in situ (left panels, macroscopic) or H&E stained and captured with a 5x objective (right panels, microscopic). The pars posterior (p, in blue), the pars intermedia (i, yellow), the pars anterior (a, red) and the adenoma (ad, green) are outlined. (**B**) Confocal images of immunofluorescence analysis of stathmin (in green) and nuclei (in red) in pituitary gland sections from WT (10x), p27KO (10x and 40x) and DKO (10x) 1-year-old C57BL/6 mice. Bottom panels represent the merge of the 2 staining. (**C**) Graph shows pituitary gland volume of 1-year-old C57BL/6 mice of the different genotypes, as indicated. (**D**) Representative images of 12-weeks-old 129S2/Sv (SV129) male mice of the indicated genotypes. (**E**) Graph shows the number of 129S2/Sv (SV129) mice of the indicated genotypes (5-9 months old) that did not developed pituitary adenomas. The number of analyzed mice is reported in the graph.

Stathmin is necessary for the hyper-proliferative phenotype of p27 null mice {#s0002c}
----------------------------------------------------------------------------

We next asked whether proliferation was involved in the phenotypes observed above. Using the Ki67 antigen as marker of proliferating cells, we observed that the number of Ki67 positive cells (Ki67+) was significantly higher in p27KO respect to both WT and DKO pituitary glands ([**Figs. 5A** and **B**](#f0005){ref-type="fig"}), again suggesting that in vivo regulation of cell proliferation by p27 relayed, at least in part, on the expression of stathmin. Figure 5.Stathmin is necessary for the hyper-proliferative phenotype of p27 null mouse organs. (**A**) Graph reports Ki67 positive cells in pituitary glands from 1-year-old C57BL/6 mice of the indicated genotypes. (**B**) Confocal images of immunofluorescence analysis of Ki67 (in green) and nuclei (in red) in pituitary gland sections from WT, p27KO, DKO and StmKO 1-year-old C57BL/6 mice, using a 40x objective. The merge of the 2 staining is shown. (**C**) Plot reports Ki67 positive cells in thymuses from 10-weeks-old C57BL/6 mice of the indicated genotypes. (**D**) Confocal images of immunofluorescence analysis of Ki67 (in green) and nuclei (in red) in thymus sections from p27KO and DKO (10x objective) 10-weeks-old C57BL/6 mice. Bottom panels represent the merge of the 2 staining. (**E**) Graph reports BrdU positive cells in thymuses from 20-weeks-old FVB mice of the indicated genotypes. (**F**) Typical images of immunohistochemistry analysis of BrdU expression in thymus sections from p27KO and DKO mice. (**G**) Confocal images of immunofluorescence analysis of TUNEL positive (in green) and nuclei (in red) in thymus sections from p27KO and DKO (10x objective) 10-weeks-old C57BL/6 mice. Left panels represent the merge of the 2 staining.

Next, we investigated the proliferation index of thymus, in which both p27 and stathmin are known to play a prominent role. Using the Ki67 marker, we calculated the proliferation index in thymuses from 10-weeks-old mice. The proliferation index of DKO thymuses was significantly lower than the one observed in p27KO mice ([**Fig. 5C and D**](#f0005){ref-type="fig"}). Conversely, no significant difference was observed between WT, DKO and StmKO thymuses ([**Fig. 5C**](#f0005){ref-type="fig"}). In accord with these observations, using an in vivo BrdU incorporation assay we detected a significant increase of proliferating cells in tissues from p27KO mice respect to both WT and DKO ones ([**Fig. 5E** and **F**](#f0005){ref-type="fig"}). When the number of apoptotic cells was assayed by TUNEL assays on tissue specimens, we could not observe any difference between DKO and p27KO mice ([**Fig. 5G**](#f0005){ref-type="fig"}), reinforcing the concept that proliferation was the process primarily affected by stathmin knockout in the p27 null background.

p27 is a master regulator of CDK2 activity, independently from stathmin expression {#s0002d}
----------------------------------------------------------------------------------

The above data supported that p27 controls cell proliferation in vitro and in vivo, at least partially, via stathmin. Previous works suggested that increased proliferation rate observed in p27 null animals was linked to increased CDK2 and, to lesser extent, CDK1 activity.[@cit0008] We thus wondered whether stathmin could impact on the activities of CDK2 and/or CDK1. As expected, CDK2- and CDK1-associated kinase activities were higher in p27KO respect to WT but, unexpectedly, not different between p27KO and DKO thymuses, both in the FVB ([**Fig. 6A**](#f0006){ref-type="fig"}) and the C57BL/6 ([**Fig. 6B**](#f0006){ref-type="fig"}) strains, in all the experiments performed. Since stathmin is a substrate of both CDK2 and CDK1,[@cit0023] we tested whether its expression could directly or indirectly influence their kinase activity. To test this possibility, increasing doses of recombinant stathmin protein were added to CDK2-containing complexes and their kinase activity was evaluated. The presence of stathmin did not significantly change the activity of CDK2 ([**Fig. 6C**](#f0006){ref-type="fig"}). Moreover, recombinant stathmin did not alter the kinase activity of cyclin A2/CDK2 recombinant complexes, neither it significantly overcame the block imposed by p27 on cyclin A2/CDK2 activity ([**Fig. 6D**](#f0006){ref-type="fig"}). Overall, these data confirmed that p27 is a master regulator of CDK2 activity, both in vitro and in vivo and further highlighted that the higher CDK2 activity observed in p27 null cells and organs is not sufficient to explain their increased proliferation rate, as previously reported also by other groups.[@cit0011] Figure 6.CDK4/6 activity is decreased in thymus from DKO mice. (**A-B**) Kinase activity (using ^32^P-HH1 or ^32^P-RB as substrates, as indicated) associated with the indicated immunoprecipitated (IP) proteins, from thymuses of WT, p27KO, DKO and StmKO FVB (**A**) and C57BL/6 (**B**) mice. Numbers at the bottom of the panels indicate the kinase activity normalized for the associated IP protein. (**C**) Kinase activity associated with the indicated immunoprecipitated (IP) proteins from lysates of exponentially growing SCC9 head and neck carcinoma cells, using histone H1 as substrate (^32^P-HH1). Lane 1 is the IP (**C**), lane 2 Is the IP with imidazole (B), lanes from 3 to 6 are IPs incubated with increasing doses of recombinant stathmin (0.25-0.5-1-2 μg), prior to immunoprecipitation. Values in the graphs represent the mean of 3 independent experiments +/− SD. Differences in kinase activity in the presence of stathmin are not statistically significant. On top of the graph, the kinase activity observed in a typical experiment is shown. (**D**) Kinase activity associated with recombinant CDK2/CycA2 complex, using histone H1 (^32^P-HH1) as substrate, in the presence of recombinant p27 (0-0.5-2 μg) without or with increasing doses of stathmin (0-0.65-1.3-2.6 μg). On top of the graph, the kinase activity is shown.

We next examined the activity of CDK4-, CDK6- and cyclin D3-complexes, which are primarily involved in the progression from early to late G1, in thymocytes[@cit0028] ([**Fig. 6**](#f0006){ref-type="fig"}) and splenocytes (**Fig. S6**). We could detect that the absence of p27 invariably resulted in a stathmin-dependent increased activity of CDK4, CDK6 and cyclin D3 complexes, as demonstrated by their decreased activity in DKO compared to p27KO thymuses and spleens ([**Figs. 6A** and **B**](#f0006){ref-type="fig"}; **Fig. S6B**). These results, coupled with the cell cycle analyses performed in splenocytes and thymocytes (**Fig. S6A** and data not shown) suggested that the increased proliferation of p27KO mice relies, at least in part, on the expression of stathmin that is, in turn, necessary to sustain CDK4/6 activity.

p27/stathmin interaction regulates gene expression in mouse thymus {#s0002e}
------------------------------------------------------------------

To identify pathways potentially implicated in the establishment of the above described phenotypes, we performed a microarray analysis on thymuses collected from WT, p27KO, DKO and StmKO mice (3 males and 3 females, for each genotype). By comparing the gene expression profiles of WT and p27KO thymuses, we underscored a p27-signature, comprising 34 differentially regulated genes ([**Fig. 7**](#f0007){ref-type="fig"}). By comparing the gene expression profiles of WT and StmKO thymuses, we underscored a stathmin-signature, comprising 69 differentially regulated genes (**Fig. S7**). We next made a comparative analysis of the DKO profile respect to the 2 signatures. When analyzed respect to the p27-signature, DKO clustered with WT rather than with p27KO profile, confirming, at gene expression level, what we observed at phenotypic level ([**Fig. 7**](#f0007){ref-type="fig"}). When analyzed respect to the stathmin-signature, DKO clustered with StmKO more than with WT profile (**Fig. S7**). Altogether, these data indicated that some of the features of p27KO animals rely on the expression of stathmin, while only few of the features of StmKO animals seems to rely on the expression of p27. Figure 7.Gene expression profiling of WT, p27KO and DKO thymuses identifies a p27KO signature reverted in DKO mice. (**A**) Gene microarray analysis of RNA extracted from thymus of C57BL/6 mice of the indicated genotypes. Six different WT and p27KO thymuses/genotype (3 males and 3 females) were probed on a 44K microarray slides to identify genes differentially expressed in WT versus p27KO thymus (p27KO signature). The p27KO signature was then compared to the gene expression profile of DKO thymus (3 males and 3 females). This comparison identified the DKO signature, representing the set of genes differentially regulated between WT and p27KO cells and reverted in DKO thymus.

Finally, using the Pathway Express online resource (http://vortex.cs.wayne.edu/projects.htm) we pursued the identification of specific pathways differentially expressed among p27WT, p27KO, DKO backgrounds that could explain the observed phenotypes. Results from this type of analysis showed that the p27-signature principally impacted on 3 pathways, namely "Graft vs. Host disease", "Natural Killer mediated citotoxicity" and "ErbB signaling pathway", while the stathmin-signature mostly imp-acted on "JAK-STAT signaling pathway", "Complement and coagulation cascade" and "MAPK signaling pathway", overall indicating that p27/stathmin interaction could impinge on intracellular signal transduction pathways, thus eventually modifying cell cycle progression ([**Table 1**](#t0001){ref-type="table"}). Accordingly, when we separately analyzed the gene expression profile of thymuses from male mice (n = 3/genotype), which displayed more significant differences in their phenotypes respect to females, we could observe that 264 genes were differentially expressed between WT and p27KO animals (**Table S1**) and, among the 4 GeneOntology (GO) processes most significantly different, actually 3 of them dealt with the regulation of signal transduction from the outside to the inside of the cell ([**Table 2**](#t0002){ref-type="table"}; **Table S2**). Table 1.Pathways altered in p27KO (p27 signature) and StmKO (stathmin signature) thymuses as evidenced using the online tools pathway express[@cit0036]RankPathwayI. F.Adj. pp27 Signature1Graft vs. Host disease10.0594.733 E-42Natural Killer mediated citotoxicity6.8248.508 E-33ERbB signaling pathway4.3356.990 E-2Stathmin Signature1Jak-Stat signaling pathway4.1448,153 E-22Complement and coagulation cascade3.7501,117 E-13MAPK signaling pathway2.5482,776 E-1[^2][^3] Table 2.Pathways altered in p27KO (p27 signature) male thymuses as evidenced using the Gene Annotation ToolRankPathwayG.O.p valuep27 Signature (males)1Detection of external stimulusGO:0009581\< 0.0012Sensory perceptionGO:0007600\< 0.0013Response to stimulusGO:0050896\< 0.0014G-protein coupled receptor protein signalGO:0007186\< 0.001[^4]

Discussion {#s0003}
==========

Here, we report the characterization of mice double knock-out (DKO) for p27 and stathmin genes. DKO mice display normal body weight and organ size, absence or low incidence of pituitary adenomas (depending on the mouse strain) and normal retina development, demonstrating that co-ablation of stathmin rescues most of the phenotypes observed in p27KO mice. At molecular level, we show that decreased cell proliferation in DKO tissues was accompanied by a reduction in the activity of CDK4 and CDK6 containing complexes rather than to decreased activity of CDK2.

The observation that CDK2 knock-out was not able to rescue the phenotype of p27 null mice indirectly supports our work.[@cit0011] Indeed, p27 inhibits cell cycle progression even in cells that lack CDK2, suggesting that either CDK2 is not the primary target of p27 in vivo, or, alternatively, that p27 can block cell cycle progression by interacting with molecules other than CDK2, as we show here.[@cit0012] Assuming that one or more compensatory mechanisms exist, the most likely molecules that could compensate CDK2 loss would certainly be other CDKs involved in cell cycle progression, mainly CDK1, CDK4, and CDK6. The higher CDK1 activity observed in p27/CDK2 KO mice has been proposed as the principal compensatory mechanism, at least in that context.[@cit0011] However, in p27KO and DKO animals CDK1 activity is equally high, both in thymuses and spleens, suggesting that it is not primarily implicated in the phenotype observed in DKO animals. Conversely, we found that CDK4 and CDK6 were more active in p27KO respect to DKO lymphoid organs, suggesting that stathmin represents a critical determinant in the generation of lymphoid hyperplasia by governing CDK4/6 activity. These data are also in agreement with the observation made by Fero and collaborators,[@cit0029] showing that thymus hyperplasia of p27KO mice represents a non cell autonomous function of p27, probably relying on higher CDK4 activity present in the thymic epithelium.[@cit0029]

Our data also suggest that stathmin is necessary for the development of pituitary adenomas in p27 null mice. A careful observation of p27KO and DKO pituitary glands in the different genetic backgrounds that we analyzed, suggested that stathmin absence did not impair the development of hyperplasia of the pituitary intermediate pars, but rather impinged on the appearance of a frank pituitary adenoma. Thus, in the pituitary context, stathmin seems to be more relevant in the control of later steps of tumorigenesis rather than the initial ones. This observation is in agreement with our recent studies, showing that stathmin is dispensable for tumor onset in mice in several mouse models of carcinogenesis [@cit0020] and with the well established notion that stathmin is overexpressed in advanced tumors but not in early neoplastic lesions.[@cit0023]

The different proliferation index displayed by thymuses and pituitary glands of DKO animals respect to the p27KO but also to the WT ones, could be linked to the fact that p27 regulates in vivo growth by both cell autonomous and non cell autonomous mechanisms, depending on the tissue type.[@cit0029] This possibility is also supported by the observation of mice double knockout for p27 and cyclin D1.[@cit0030] Thymus hyperplasia is still present in cyclin D1/p27KO mice,[@cit0031] most likely because proliferation in the thymus primarily relies on cyclin D3 and CDK6, rather than cyclin D1 and CDK4.[@cit0028] On the other side, body weight and retinal dysplasia were both rescued in the cyclin D1/p27KO mice,[@cit0030] again highlighting how sophisticated the regulation of cell proliferation is in complex organisms.

Several data demonstrate that stathmin plays a pivotal role during mitosis, by regulating the assembly and disassembly of the mitotic spindle.[@cit0023] However, in vivo evidence showing a direct role of stathmin during mitosis essentially lacks. Our data propose an in vivo role for stathmin in the control of early G1 phase, by modifying CDK4 and CDK6 activity in the absence of p27. Since CDK4 and CDK6 are primarily involved in the control of G1 to S phase transition, our findings add a new layer of complexity to the role of stathmin in governing cell proliferation. Regulation of CDK4 and CDK6 activity and of cell proliferation by stathmin is evident only in the absence of p27. It is possible that, since p27 blocks stathmin activity,[@cit0013] the absence of p27 unmasks previously not appreciated functions of stathmin. This, in turn, could be particularly evident when stathmin expression is particularly high, such as in the hyperplastic pituitary gland and in brain, thymus and testis.

The phenotype of DKO animals is also reminiscent of the one recently described for miR-9 knock-down in neuronal stem cells.[@cit0034] In this model, miR-9 knock-down results in increased stathmin expression that eventually regulates cell proliferation. Interestingly, stathmin silencing reduced the hyper proliferation of miR-9 knock-down cells but was ineffective in cells still expressing miR-9,[@cit0034] again suggesting that stathmin participates in the control of cell proliferation especially when its expression/activity is particularly high, as in the case of p27 null animals. To better understand how increased stathmin activity could contribute to the regulation of cell proliferation, impinging on CDK4/6 activities in p27KO mice, we used a gene expression profile approach. Biological processes and signaling pathways involved in the response to and the transduction of external stimuli were more significantly different between p27KO and WT or DKO thymuses. This observation suggests that p27/stathmin interaction might, at least in tissues that express high levels of stathmin such as thymuses, impinge on the regulation of cell proliferation by altering the response to external stimuli, ultimately determining increased CDK4/6 activity. This possibility is in line with our recent observation that regulation of microtubule dynamics by p27/stathmin interaction governs cell motility acting on intracellular vesicular transport and Rho GTPases activity.[@cit0016] Thus, it is possible that p27/stathmin interaction could regulate cell proliferation by acting on key signal transduction players, like tyrosin kinase receptors or small GTPases, that are precisely activated in time and space by intracellular transport and through vesicle recycling.[@cit0035] The investigation of the mechanisms by which CDK4 and CDK6 activity is regulated by stathmin, possibly via an altered intracellular signaling, as suggested by our data, represents an interesting field that certainly merits further investigation in the future.

In conclusion, this work identifies a new layer of complexity existing in the regulation of cell proliferation in vivo and opens several new questions regarding the role of cyclin/CDKs binding to p27 in the control of cell proliferation in vivo. Understanding whether the new regulatory axis here reported might play a role in cell transformation and how it might be tackled to counteract tumor progression, is certainly a field that deserves further investigation.

Materials and Methods {#s0004}
=====================

Detailed description of methods used in this work may be found in the Supplemental Material section, available online.

All animal experiments were reviewed and approved by the CRO Institutional Animal Care and Use Committee and were conducted according to that committee\'s guidelines.

Mice models and phenotypic characterization {#s0004-0001}
-------------------------------------------

Mice were maintained in CRO of Aviano animal facility, at 22°C with 40-60% of humidity. C57BL/6 p27 knock-out (p27KO) mice (The Jackson Laboratory) and C57BL/6 StmKO mice,[@cit0018] were intercrossed to obtain p27 and stathmin double KO (DKO) C57BL/6 mice. WT FVB (Charles River) and WT 129S2/Sv (Charles River) mice were crossed with p27+/− stathmin+/− C57BL/6 mice until N6, to obtain near congenic FVB and 129S2/Sv strains.

Proliferation and apoptosis assays {#s0004-0002}
----------------------------------

Analysis of cell proliferation by BrdU incorporation assay, Ki67 staining and detection of apoptosis by TUNEL assay, are techniques routinely performed in our lab,[@cit0013] and better described in the Supplemental Material available online.

Preparation of protein lysates, immunoprecipitation, immunoblotting and kinase assay {#s0004-0003}
------------------------------------------------------------------------------------

To extract proteins from mouse organs, tissue disruption was performed using the TissueLyser II (QIAGEN). Minced tissues were incubated in ice once dissolved in NP40 lysis buffer (0.5% NP40; 50 mM HEPES pH 7; 250 mM NaCl; 5 mM EDTA; 0.5 mM EGTA, pH 8) supplemented with protease inhibitor cocktail (Complete™, Roche), 1 mM Na~3~VO~4~ (Sigma), 10 mM NaF (Sigma) and 1 mM DTT (Sigma). Immunoprecipitation (IP) experiments were performed using 0.5--1 mg of total lysate in HNTG buffer (20 mM HEPES, 150 mM NaCl, 10% Glycerol, 0.1% Triton X-100, protease inhibitor cocktail, 1 mM Na~3~VO~4~, 10 mM NaF and 1 mM DTT) with the specific agarose-conjugated primary antibodies. Immunoblotting was performed as previously described[@cit0015] and, following incubation with primary antibodies overnight at 4°C, incubated 1 hour at RT with IR-conjugated (Alexa Fluor 680, Invitrogen or IRDye 800, Rockland) secondary antibodies for subsequent infrared detection (Odyssey Infrared Detection System, Licor). Primary antibodies p27kip1 (C-19 and N-20), CDK2, CDK4, CDK6, cyclin D3 and Vinculin were purchased from Santa Cruz; CDK1 and p27Kip1 were purchased from BD; Stathmin was purchased from Sigma. Kinase assays were performed in kinase buffer (20 mM TrisHCl pH 6.8, 10 mM MgCl~2~) using, 1μCi γ-P32 ATP and 2 μg of H1-Histone (Upstate Biotechnology) or recombinant pRB as substrate, as described.[@cit0015]

Statistical analysis {#s0004-0004}
--------------------

Data were examined using the 2-tailed Student t test or unpaired 2-tailed Mann-Whitney U test. Differences were considered significant at *P* \< 0.05. Computational analyses were performed according to Draghici et al.[@cit0036] All graph and statistical analyses were performed using GraphPad PRISM version 4.00.
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